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[57] ABSTRACT 
A method of for manufacturing a coated optical ?ber 
includes depositing a conductive coating on the optical 
?ber and measuring a value of conductance of that 
coating. Featured within the manufacturing method is a 
method for measuring the thickness of the conductive 
coating on an insulator, e.g., carbon on an optical ?ber, 
including the following steps. An electromagnetic ?eld 
is established by an input signal. The conductively 
coated insulator is moved through the energized elec 
tromagnetic ?eld. The conductive coating on the insula 
tor is oriented with respect to the electric ?eld so that 
their interaction increases transmission loss from input 
to output. An output signal is extracted from the elec 
tromagnetic ?eld. From changes in the output signal 
with respect to a predetermined standard, or reference, 
the conductance and the thickness of the conductive 
coating are determined. From the measured thickness of 
the coating, a control signal is generated for dynami 
cally controlling one or more of the process parameters 
for depositing the coating on the insulator from a pre 
cursor gas. The coated insulator continuously moves 
through the apparatus without any physical contact. No 
interruption of the production process occurs. 

5 Claims, 12 Drawing Sheets 
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MEASURING AND CONTROLLING THE 
THICKNESS OF A CONDUCI'IVE COATING ON 

AN OPTICAL FIBER 

This invention relates to a method used in making a 
coated elongated insulator, such as an optical ?ber. 

BACKGROUND OF THE INVENTION 

Performance characteristics of optical ?bers can be 
degraded by environmental elements. For example. the 
interaction of water with the surface of a silica ?ber 
produces surface modi?cations which can reduce the 
strength of the ?ber. Also over a period of time, hydro 
gen can diffuse into an optical ?ber and increase the 
optical loss in a signal carried by that optical ?ber. 

In order to prevent such interactions, a coating can be 
applied to the ?ber for preventing deleterious environ 
mental elements from interacting with the ?ber. Ideally 
such a coating acts as an impenetrable hermetic barrier 
between the ?ber and the environment. One such coat 
ing, e.g., a carbon coating, is applied under stable ambi 
ent conditions to the outer surface ofa silica cladding of 
the ?ber by inducing decomposition of a suitable carbon 
containing organic precursor gas, e.g., acetylene, to 
form a thin carbon ?lm on the ?ber surface, as described 
by F. V. DiMarcello et al., in a US. patent application, 
Ser. No. 098253, ?led Sept. 18, 1987, now abandoned. 
For optimum results, the carbon coating must be ap 
plied at a particular thickness within close tolerances. If 
the coating is too thin, it does not suf?ciently limit the 
penetration of the undesirable environmental elements, 
such as water and hydrogen. On the other hand, if it is 
too thick, ?ber strength can be reduced by microcracks 
which can form in the carbon coating when the ?ber is 
under high tensile force. 
A need therefore has arisen for a dynamic method to 

measure and to control the thickness of the coating 
being applied to the ?ber. The method should allow 
continuous production of the ?ber and avoid any direct 
contact with the ?ber. Any interruption of the continu 
ous drawing process is intolerable. Physical contact 
with an unjacketed optical ?ber can damage the surface 
and reduce the tensile strength of the ?ber. In the prior 
art, however, thickness of a coating has been measured 
by static off-line metrology, e.g., by electron micros 
copy or by calculation based on a direct current mea 
surement of resistance .in an electrical circuit. These 
prior art methods require either the interruption of the 
drawing process, physical contact with the unjacketed 
optical ?ber, or both. 

SUMMARY OF THE INVENTION 

These and other problems are solved by a new 
method for making an optical ?ber. This manufacturing 
method includes the steps of: depositing a coating on 
the moving optical ?ber and by means of a non-contact 
electromagnetic ?eld measuring a value of effective 
radio frequency conductance of the coating for dynami 
cally controlling the thickness of that coating being 
deposited on the optical ?ber. 

Featured within the manufacturing method is a 
method for measuring the thickness of a conductive 
coating on an insulator, e.g., carbon on an optical ?ber. 
Measuring the thickness of the coating includes the 
following steps. A radio frequency electromagnetic 
?eld is established by an input signal. The coated insula 
tor is moved through the energized electromagnetic 
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?eld at a position where the electric ?eld is suf?ciently 
strong to create a useful output signal. The coating on 
the insulator is oriented with respect to the electric ?eld 
or a component thereof so that its interaction with the 
conductive coating increases transmission loss from 
input to output. An output signal is extracted from the 
electromagnetic ?eld at a point where the output signal 
can be detected. Such point is remote from the ?ber 
location. Extraction can be accomplished by either an 
electric ?eld probe or a magnetic ?eld probe. From 
changes in the output signal with respect to a predeter 
mined standard, the effective radio frequency conduc 
tance of the conductive coating is determined. Thick 
ness of the coating is determined from the conductance 
data. 
The following advantages are achieved by the fore 

going method. The coated insulator continuously 
moves through the apparatus for measuring without 
any physical contact. No interruption of the production 
process occurs. From the thickness determination, sig 
nals are generated for dynamically controlling the coat 
ing process to maintain a desired thickness tolerance. 
The general principles here stated can be applied 

over a wide range of radio frequencies, typically from 
about 10 MHz to 150 GHz, and can be applied to a wide 
range of coating con?gurations by appropriately select 
ing a frequency range and equipment that is compatible 
with the selected frequency range. 

BRIEF DESCRIPTION OF THE DRAWING 

A better understanding of the invention may be de 
rived by reading the subsequent detailed description 
thereof with reference to the attached drawing 
wherein: 
FIG. 1 is a schematic diagram of an arrangement for 

drawing an optical ?ber and of apparatus for making 
measurements and controlling the drawing operation 
and the coating process: 
FIG. 2 is a diagram of a section of optical ?ber with 

out its polymeric jacketing; 
FIG. 3 is a diagram ofa section of optical ?ber coated 

with a conductive carbon coating; 
FIG. 4 is a schematic diagram of an arrangement for 

measuring the thickness of the conductive carbon coat 
ing on the optical ?ber; 

FIG. 5 is a perspective drawing of the vectors of an 
incident electromagnetic wave and its resulting re 
?ected electromagnetic wave produced at a short cir 
cuit termination; 

FIG. 6 is a series of curves representing output en 
ergy versus frequency for different measurements taken 
on an optical ?ber; 

FIG. 7 is a schematic diagram of another arrange 
ment for measuring the thickness of the conductive 
coating on the optical ?ber; 

FIG. 8 is a schematic diagram of a third arrangement 
for measuring the thickness of the conductive coating 
on the optical ?ber; 
FIG. 9 is a schematic diagram of a fourth arrange 

ment for measuring the thickness of the conductive 
coating on the optical ?ber: 

FIG. 10 is a transmitted power loss versus conduc 
tance, or thickness. characteristic for an exemplary 
coated ?ber; 

FIG. 11 is a schematic diagram ofa ?fth arrangement 
for measuring the thickness of the conductive coating 
on the optical ?ber 
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FIG. 12 shows a cross-section view taken from the 
arrangement of FIG. 11: 
FIG. 13 is a schematic diagram ofa sixth arrangement 

for measuring the thickness of the conductive coating 
on the optical ?ber; 
FIG. 14 shows a cross‘section view taken from the 

arrangement of FIG. 13; 
FIG. 15 is a schematic diagram of a seventh arrange 

ment for measuring the thickness of the conductive 
coating on the optical ?ber; and 
FIG. 16 is a schematic diagram of an eighth arrange 

ment for measuring the thickness of a conductive coat 
ing on the optical ?ber. 

DETAILED DESCRIPTION 

Referring now to FIG. 1, there is shown a diagram of 
an exemplary equipment for drawing an optical ?ber 20 
from a preform 24. The preform may include silica glass 
with predetermined dopants which will form an optical 
?ber having a low loss optical core section that is sur 
rounded by a cladding section. The core and cladding 
sections have different indices of refraction so that light 
transmitted axially along the core is retained within the 
core because of internal reflections and/or con?nement 
which occur due to the strati?cation of the refractive 
indicies. 
A furnace 25 surrounds at least the lower end of the 

preform 24 and heats that end to its melting or softening 
temperature. The ?ber 20 is drawn from the end of the 
preform 24 at a velocity, or rate, that is known to pro 
duce the ?ber 20 with a predetermined diameter. Gen 
erally the ?ber is drawn from the preform at a con 
trolled steady temperature and velocity. Other combi 
nations oftemperature and velocity, or rate, ofthe draw 
can be used for producing ?bers with the same diame 
ter. 

During the drawing operation, the ?ber 20 moves 
through a diameter gauge 26 which produces on a lead 
27 a signal representing the diameter of the ?ber. That 
signal is forwarded to an input of a detection, analysis 
and feedback processor 28. A control signal produced 
by the processor 28 is carried by a lead 29 for control 
ling the temperature of the furnace 25. 

Thereafter the ?ber 20 moves along through an op 
tional heater 30 and thermometer, or pyrometer, 31 for 
supplementing the residual heat in the ?ber 20, if de 
sired, and monitoring the temperature of the ?ber 20. 
Temperature measured by the thermometer 31 is ap 
plied through a lead 32 to the processor 28, which pro 
duces a signal on a lead 33 for controlling the tempera- ' 
ture of the heater 30. In a variable length. or telescop 
ing, chamber 34, an exemplary mixture of acetylene 
precursor gas together with chlorine and an inert gas, 
such as nitrogen, argon, or helium, is applied to the hot 
moving surface of the ?ber 20 for inducing decomposi 
tion of the acetylene precursor gas and depositing a 
conductive carbon coating uniformly around the pe 
riphery of the ?ber. Chlorine is used as a getter for free 
hydrogen. Length of the chamber 34 is transmitted via 
lead 60 to the processor 28. The coating deposition 
process occurs in controlled ambient conditions, which 
typically are stable. While the ?ber is moving and with 
out it contacting any apparatus, the thickness of the 
exemplary conductive carbon coating is continuously 
controlled within tight tolerances to effectively hermet 
ically seal the optical ?ber 20 from any subsequent 
contact with either water or hydrogen during fabrica 
tion, installation, or use of the ?ber in a transmission 

40 

65 

4 
system. At the same time, vulnerability ofthe coating to 
cracking under tensile load due to excessive coating 
thickness is limited to maintain an acceptable level of 
?ber strength. 

Referring now to FIG. 2. there is shown a diagram of 
the bare optical ?ber 20 including a center core 22 and 
cladding 24. Although not shown in FIG. 2. there may 
be more layers than the core and single layer of clad 
ding for the bare optical ?ber. 

Referring now to FIG. 3, there is shown a diagram of 
the optical ?ber 20 coated with a thin layer of carbon 
27, as represented by dots overall. 

After the carbon coating is applied to the moving 
?ber 20 of FIG. 1, the coated ?ber moves on through a 
radio frequency resonant cavity 35 for measuring the 
thickness of the carbon coating. Radio frequency is an 
electromagnetic wave frequency intermediate between 
audio frequency and infrared frequency. A cavity in the 
microwave range of frequencies has been used success 
fully because of component sizes and availability. A 
microwave is a very short wavelength electromagnetic 
wave, typically less than thirty centimeters in wave 
length. Upon exiting from the resonant resonant fre 
quency cavity 35, the ?ber 20 moves on through one or 
more vessels 46 which are ?lled with ultraviolet light 
curable liquid materials that are subsequently trans 
formed into polymeric solids for jacketing the ?ber 20 
to protect its surface from future mechanical damage 
resulting from incidental or accidental contact. This 
transformation to the polymeric solid is made by a set of 
lamps 47 applying ultraviolet light. Once the jacket is 
formed on the ?ber 20, it is wound about a capstan drive 
48 and then onto a reel 49 for storage and for conve 
nience of handling until the ?ber is installed in a trans 
mission system. Speed of the capstan 48 and the ?ber are 
sent to the processor 28 via a lead 61. 
Two exemplary subsystems control the previously 

described optical ?ber drawing operation. The ?rst 
control system, including the diameter gauge 26, deter 
mines the diameter of the ?ber by a measurement made 
in an optical chamber and by analysis in the processor 
28 converts such measurement into an analogous con 
trol signal. This ?ber diameter control signal is applied 
by way ofthe lead 29 to the furnace 25 for adjusting the 
furnace temperature and/or by way of a lead 54- to the 
capstan drive control 55 for adjusting the drawing 
speed so that the ?ber diameter is kept within predeter 
mined tolerances. Controlling ?ber diameter by opera 
tion ofthe furnace and the drawing speed are described 
in detail in a textbook, entitled "Optical Fiber Telecom 
munications" edited by S. E. Miller et al., Academic 
Press, Inc., 1979, pp. 263-298. 
Another control system measures and controls the 

thickness of the carbon coating that is applied to the 
surface of the moving optical ?ber 20 without physi 
cally contacting the unjacketed ?ber. This method for 
measuring and continuously controlling the thickness of 
the carbon coating operates on one or more of the fol 
lowing parameters: ?ber temperature. acetylene gas 
pressure, time the ?ber is exposed to acetylene. or con 
centration of acetylene gas; and is an example of the 
new method of the invention which is described in 
detail hereinafter. Pressure in the chamber 34 is trans 
mitted by way of a lead 62 to the processor 28. A con 
trol signal for changing the pressure is sent from the 
processor 28 via a lead 56 to a pressure regulator 57. An 
indication of the concentration of the acetylene gas is 
forwarded from the chamber 34 by way of a lead 63 to 
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the processor 28. A control signal or control signals for 
changing the mixture of gases is transmitted from the 
processor 28 via a lead 64 to gas supply valves 65, 66 
and 67. The gases are mixed in a manifold 68 and deliv 
ered through the pressure regulator 57 and supply line 
40 to the gas chamber 34. The gases exit the gas cham 
ber 34 by way of an exhaust ?tting 45. Although the 
cavity 35 is shown preceding the ultraviolet light cur 
able jacketing supply vessels 46. the cavity 35 could be 
located after the vessels 46 and the set of lamps 47. 

Referring now to FIG. 4, there is shown a detailed 
perspective view of the resonant cavity 35. FIG. 4 
shows an exemplary resonant cavity for operation in the 
microwave frequency range. Shown in FIG. 4 is a sec 
tion of hollow rectangular microwave waveguide 37, 
which has a length equal to a half guide wavelength at 
the operating frequency. Each end of the waveguide 
section is shorted by one of the conducting plates 38 and 
39. A microwave frequency input signal, produced by a 
?xed or swept frequency signal generator 41, is coupled 
through a coaxial line 42, a connector 43, and an open 
ing through the shorting plate 38 to a loop 44 of the 
center conductor to ground. This magnetic input loop is 
positioned inside of the resonant cavity to energize a 
resonant electromagnetic ?eld in response to the ap 
plied input signal. Power levels of the input signal typi 
cally can be in the range of a fraction of a milliwatt to 
about 100 mw. 

According to the standard adopted for FIG. 4, the 
array of arrows represent the electric ?eld vectors in 
the resonant cavity at resonance. These electric ?eld 
vectors present an instantaneous condition of a continu 
ously alternating electric ?eld. Longitudinally from the 
input, the amplitude of the electric ?eld represents a 
standing wave that increases from zero at the input 
shorting plate 38 to a maximum amplitude at the center 
of the cavity. As shown on an axis along the bottom of 
the cavity, there is shown a scale marking off a half 
guide wavelength Xg/Z between the input shorting plate 
38 and the output shorting plate 39. The amplitude of 
the electric ?eld decreases to zero at the output shorting 
plate 39. Although the length of waveguide section 37 is 
shown as one half guide wavelength at the operating 
frequency, other multiples of a half guide wavelength 
can be used. 
At the center cross-section of the cavity, there are 

shown two intersecting planes of arrows representing 
the electric ?eld for the standing wave. This electric 
?eld has a maximum amplitude at or near the center of 
the cavity and an amplitude decreasing to zero at both 
sides of the waveguide. 
A coated optical ?ber moves through openings cut 

into the top and bottom walls of the section of wave 
guide. These openings are positioned opposite each 
other so that the optical ?ber is readily threaded there 
through and moves continuously without physically 
contacting the waveguide structure. The openings are 
placed where the electric ?eld has suf?cient strength to 
provide a useful signal and is suf?ciently uniform across 
the opening to make convenient measurements on the 
moving ?ber during the ?ber coating operation. 
Although it is not shown in FIG. 4, there is a mag 

netic ?eld which exists concurrently with the electric 
?eld. Such magnetic ?eld is directed at a right angle 
withv respect to the direction of the electric ?eld. To 
gether the electric ?eld and the magnetic ?eld make up 
an electromagnetic ?eld within the resonant cavity in 
response to the energizing input signal. 
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An output signal can be extracted from the resonant 

cavity by either an electric ?eld probe or a magnetic 
?eld probe. In either case the probe is positioned so that 
it interacts with the appropriate ?eld where the ?eld 
strength is suf?cient to produce a useful output signal. 
As an example in FIG. 4, consider that an output 

signal is extracted from the cavity by an output mag 
netic ?eld loop 50 that is inserted into the cavity 
through the output shorting plate 39. This output cou 
pling loop is formed, e.g., by bending the center con 
ductor of a coaxial connector 53 to the output shorting 
plate 39. Coaxial line 52 transmits output signals from 
the output coupling loop 50 and the connector 53 to a 
detection, analysis and feedback processor 28. 

It is important to emphasize that although the energy 
insertion, or input, coupling loop 44 and the energy 
extraction, or output, coupling loop 50 are shown as 
magnetic ?eld probes positioned for optimum magnetic 
?eld strength, they may be replaced by input and output 
electric ?eld probes appropriately positioned for an 
optimum electric ?eld. As an alternative to the coaxial 
probe arrangement, other waveguide transmission 
media can be substituted for the connectors 43 and 53 
by coupling through appropriate holes in the shorting 
plates 38 and 39. 

Referring now to FIG. 5, there is shown a graph of 
vectors representing the electromagnetic energy at the 
shorting plate 39 of FIG. 4. At the left of the origin of 
the three dimensional x, y, z axis, there are an incident 
electric ?eld vector B, an incident magnetic ?eld vec 
tor H, and a velocity vector 'y; for the incident electro 
magnetic wave. It is noted that the electric ?eld vector 
is oriented in the positive vertical direction and that the 
magnetic ?eld vector is oriented horizontally on the 
three dimensional axis. When the incident wave reaches 
the output shorting plate 39 located at the origin of the 
horizontal axis, a reflected wave is produced. Since 
there is a short circuit, the effective voltage is zero and 
the re?ected electric ?eld E, is oriented in the negative 
vertical direction. Its magnitude equals the magnitude 
of the incident electric ?eld 13,-. 
At the same location, the incident magnetic ?eld H, 

also is reflected. For the re?ected magnetic ?eld 1-1,, 
polarity is the same as the incident magnetic ?eld H,-, 
but amplitude is doubled because of the output shorting 
plate 39. Also the reflected velocity vector y, is re 
versed in direction from the incident velocity vector 7,; 
Exemplary input and output magnetic coupling loops 

44 and 50 of FIG. 4 are oriented to couple energy into 
and extract energy from the resonant cavity at or near 
the points of maximum magnetic ?eld or at points with 
suf?cient magnetic ?eld strength to produce a useful 
signal at the output coupling loop 50. 
The exemplary detection, analysis and feedback pro 

cessor 28 of FIGS. 1 and 4 performs multiple functions. 
Among those functions are: (l) the production of an 
output signal power versus frequency characteristic 
curve for the resonant cavity 35, (2) comparing the 
output signal power versus frequency characteristic 
curve to a reference characteristic curve, (3) determin 
ing the difference between the output signal characteris 
tic and the reference characteristic curve, (4) by way of 
a lead 56 sending a control signal related to that differ 
ence to a control element 57 of FIG. 1 for changing the 
flow of or the partial pressure of acetylene precursor 
gas, (5) by way ofthe lead 54 for changing the speed of 
the drawing operation to control the ?ber temperature 
as it enters the acetylene chamber, (6) by way of a lead 
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58 for changing the length of the chamber 34 to control 
the time of exposure to the acetylene. and (7) by way of 
the lead 33 for changing the temperature of the ?ber 
and the coating on the ?ber. The adjustments of these 
aforementioned coating process parameters are made 
for changing the rate at which the carbon coating is 
deposited on the moving ?ber. To control any speci?c 
coating process. one or more of these parameters is 
controlled. ' 

Referring now to FIG. 6. there is shown a plot ofthe 
output energy versus frequency response curve for 
three different resonant conditions of the cavity 35 of 
FIG. 4. In FIG. 6 a narrow. spiked response curve 76 
represents the output signal energy versus frequency for 
the empty cavity 35 or for the cavity 35 with an un 
coated optical ?ber 20 inserted therein. Since the opti 
cal ?ber 20 is fabricated basically in silica. a dielectric, 
the ?ber is an electric insulator, or nonconductor. and 
causes very little effect on the empty cavity response 
curve. Response curve 76 is a useful reference for con~ 
trol purposes. 
Two other response curves 78 and 80 represent 

curves of the desired upper and lower limits on the 
thickness of the carbon coating which is deposited on 
the optical ?ber 20 of FIG. 4. Because carbon is con 
ductive and because the coating is substantially aligned 
with the electric ?eld in the cavity, that ?eld induces a 
current in an axial direction along the conductive car 
bon coating on the ?ber. Conductivity is a number 
proportioned to the current from one face ofa unit cube 
of the coating material to the opposite face of that cube 
when a unit potential difference is maintained between 
the two faces. Being a conductor, the carbon coating is 
capable of carrying an electric current. Such a current 
alternates in direction at the frequency of the applied 
electric ?eld and creates a magnetic ?eld around the 
?ber 20. This action distorts the electromagnetic ?eld in 
the cavity and dissipates or absorbs power. As a result, 
the output energy versus frequency curve is reduced in 
amplitude and is spread out from the shape of the nar 
row empty cavity response curve 76. and the resonant 
frequency changes. A continuous family of curves re 
sults. Only, three curves of the family are shown. By 
calibrating the resulting response curves for the desired 
range of conductance and therefore carbon thickness, 
the output response curves 78 and 80 and others of the 
family are subsequently useful with reference to the 
curve 76 for measuring the thickness of the carbon 
coating as it is deposited on the optical ?ber 20. Typi 
cally conductance is a ratio of the current carried by the 
coating to the applied electromotive force (reciprocal 
of resistance) at do. For our purpose, we are measuring 
an effective radio frequency conductance. 
The detection, analysis and feedback processor 28 

analyzes the output energy versus frequency data con 
tinuously during a ?ber drawing operation. From the 
values of amplitude and frequency in comparison with 
those of the reference curve. the processor 28 deter 
mines both the quality factor Q of the cavity and the 
conductance of the coating. Such a conductance deter 
mination or measurement is readily convertible to thick 
ness data of the coating and to a determination of 
whether or not the thickness data is within the desired 
limits. As a result of the processing, the processor 28 
generates a signal which when fedback to control the 
coating process maintains the carbon coating thickness 
within the desired limits by controlling one or more of 
the process parameters: ?ber temperature. precursor 
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gas density, ?ber exposure time. or precursor gas pres 
sure. 

Referring now to FIG. 7. there is shown another 
con?guration of a resonant cavity 90. Except for the 
round cylindrical shape of the cavity 90. the arrange— 
ment and operation of the detection. analysis and feed 
back processor of FIG. 7 are similar to the apparatus of 
FIG. 4. The optical ?ber 20. coated with carbon. moves 
through the cavity 90 in a path so that the coating is 
aligned with the energized electric ?eld in the cavity. 
For the ?ber 20, entrance and exit openings in the cav 
ity 90 are located at or near the position of suf?cient 
electric ?eld strength to produce a detectable output 
signal. Thickness of the carbon is controlled by a feed 
back control signal. as described previously. 

Referring now to FIG. 8. there is shown another 
arrangement for determining the thickness of the car~ 
bon coating on the moving optical ?ber. In FIG. 8 there 
are two round cylindrical cavities 110 and 112 with an 
intercoupling section 115. When the signal source 4-7.’ 
applies an alternating current signal through the line 4-2 
and the input coupling loop 44 to the cavity M0. an 
electromagnetic ?eld is established therein. Some of the 
energy from the electromagnetic ?eld in the ?rst cavity 
110 is coupled through the coupling section 115 into the 
second cavity 112. From the second cavity. output 
signal energy is coupled into the output coupling loop 
50 and is transmitted to the detection. analysis and feed 
back processor 28. 
The carbon coated optical ?ber 20 moves through an 

entrance opening into the second cavity 112. the cou 
pling section 115 and the ?rst cavity 110 and out from 
an exit opening. Thickness of the carbon coating is 
determined by the same procedure as previously de 
scribed. Thickness is measured by the processor 28 
which also determines a control signal that controls the 
carbon depositing operation, as illustrated in FIG. I. 

Referring now to FIG. 9, there is shown a carbon 
coated optical ?ber moving through longitudinal slots 
130 and 132 in a section of waveguide 135. From the 
source 41 and the line 42. the waveguide is energized 
with a propagating electromagnetic ?eld. Slots I30 and 
132 are cut in the centerlines of the opposite broad faces 
of the section of waveguide. The slots should be as 
narrow as reasonably possible consistent with the ?ber 
never contacting the slot boundaries. 
For convenience of available parts and the sizes of 

those parts. a section of WR9O waveguide and a kly 
stron oscillating at 10.5 GHZ were chosen for the ar 
rangement. A crystal diode is used for the detector at 
the output end ofthe waveguide I35. Matching sections 
are use for connecting the klystron and the detector to 
the section ofwaveguide. At low incident power levels. 
e.g.. less than 100 microwatts. the output current of the 
detector is proportional to the square of the electric 
?eld in the waveguide. That output current is therefore 
proportional to output power. The foregoing speci?c 
items and parameters are mentioned by way of example. 
Other sizes. frequencies and power levels also are ful. 

As previously mentioned, the input signal. applied by 
the klystron in FIG. 9. creates a propagating electro 
magnetic ?eld in the section of waveguide. In the un 
likely event that the arrangement is perfectly matched. 
the magnitude of the time averaged vertical electric 
?eld is constant along the entire axis of the section of 
waveguide 135 in the absence of the coated ?ber. In that 
case the longitudinal position of the ?ber is not impor 
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tant. In the more likely event that the arrangement is 
mismatched. there are standing waves present and 
therefore at least a partially resonant condition in the 
section of waveguide 135. In the mismatched arrange 
ment. there are positions of greater electric ?eld 
strength where more power is absorbed by the conduc 
tive coating. A deliberate mismatch can be created by 
tuning screws and/or irises in the waveguide. In this 
mismatched case, the ?ber is deliberately located in a 
longitudinal position coincident with an electric ?eld 
maximum which corresponds to a minimum longitudi 
nal ?eld gradient. 
When the ?ber 20, with the conductive carbon coat 

ing, moves through the waveguide, the conductive 
coating will interact with the electric ?eld component 
which is parallel with the axis of the ?ber. Transmitted 
power is reduced by the creation of an alternating cur 
rent in the carbon coating. The amount of power lost is 
a function of the conductance of the carbon coating on 
the ?ber. For a uniform outside diameter optical ?ber, 
conductance of the carbon coating depends upon the 
conductivity of the carbon and the carbon coating 
thickness, which is a variable. 
Thus depending upon the variable thickness of the 

carbon coating, the detection and analysis processor 28 
will measure a variable transmission loss for a speci?c 
constant input signal power at a given frequency. 
FIG. 10 shows the result of measurements 134, 136, 

137, 138 and 139 of transmitted power loss versus con 
ductance or thickness of some practical examples of 
carbon coatings. 

Referring now to FIG. 11, there is shown a section of 
a coaxial transmission line 140 having an outer cylinder 
conductor 141 and a center conductor 142 separated by 
a dielectric 144. When this coaxial transmission line 140 
is energized by an alternating current signal source 41, 
an electromagnetic ?eld is established along its length. 
Detection, analysis and feedback processor 28 deter 
mines the magnitude of the output signal at the far end 
of the section of coaxial transmission line 140. Along a 
selected diameter of the coaxial transmission line 140, 
there is a hole 146 cut all of the way through the coaxial 
transmission line. The optical ?ber 20 to be measured 
moves through the hole 146 during the ?ber drawing 
operation. 

Since the energized electromagnetic ?eld establishes 
a radial electric ?eld. as shown in the cross section of 
FIG. 12. there are components of that electric ?eld 
which are oriented more or less parallel with the coat 
ing on the ?ber 20. as shown in FIGS. 11 and 12. The 
conductive carbon coating will have an alternating 
current induced by the components of the radial electric 
?eld. Thus power is absorbed or dissipated by the car 
bon coated ?ber, and the resulting reduction of output 
signal power is measured by the detection, analysis and 
feedback processor 28. 

Referring now to FIG. 13, there is shown a coaxial 
resonator arrangement 150 for measuring and control 
ling the thickness of the carbon coating on the optical 
?ber 20. An outer concentric conductor 151 and a cen 
ter conductor 152 are separated by a dielectric 154. 
Shorting plates 155 and 156 are af?xed to each end of 
the coaxial resonator 150. A center hole 157 is cut 
through the entire transmission line arrangement along 
the center axis of the center conductor 152. as shown in 
FIG. 14. The coaxial resonator arrangement 150 of 
FIG. 13 is energized by a source of alternating current 
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signals 41 to create an electromagnetic ?eld indicated 
by arrows in the dielectric 154. 
During a drawing operation for the ?ber 20. the por 

tion ofthe electric ?eld which is aligned with the axis of 
the ?ber 20 induces an alternating current in the con 
ductive carbon coating on the moving ?ber. Detection, 
analysis and feedback processor 28 measures the thick 
ness of the carbon coating and produces a signal which 
controls the carbon deposition process. 

In FIG. 15 the measuring arrangement 170 includes a 
conductive chamber 171 and a conductive coil 172, 
af?xed only at one end 173 to the conductive chamber 
171 and generally separated from the chamber by a 
dielectric 174, such as air. The coil 172 can be fabricated 
from a superconductor material. By energizing the coil 
172 with a radio frequency signal from a source 41 using 
an input coupling loop 176, an electromagnetic ?eld is 
established within and along the coil 172. With proper 
design of the arrangement 170, the alternating electric 
?eld component is strong along the center axis of the 
coil 172, as shown by the arrows directed along the 
center axis. The carbon coated ?ber 20 moves through 
the electric ?eld and absorbs power from it. Detected 
power is extracted from the resonator by way of an 
output coupling loop 177. Electrical coupling can be 
substituted for the input and/or output magnetic cou 
pling loops. The transmission response is related to 
conductance of the carbon coating. Detection, analysis 
and feedback processor 28 determines the thickness of 
the conductive carbon coating and develops a signal for 
controlling the carbon deposition process. 

In FIG. 16 the measuring arrangement 180 includes a 
circular electric TED] mode resonant cavity 181 oper 
ated in the millimeter wavelength band so as to develop 
a circumferential electric ?eld of suf?cient magnitude at 
the surface of the optical ?ber 20 to permit signi?cant 
interaction between the conductive coating around the 
periphery of the ?ber and the resonant cavity behavior. 
Here to assure TEQi mode operation. the cylindrical 
wall 183 can be an anisotropic conductor. i.e.. one that 
favors circumferential wall current ?ow and discrimi 
nates against axial wall current flow, such as described 
by S. E. Miller in U.S. Pat. No. 2,848,696. Other higher 
order circular electric modes can also be used in the 
cavity. 

In order to assure ef?cient launching and detection of 
the TEO] mode and discrimination against other un 
wanted modes, antiphased magnetic probes~in the 
form of small waveguide coupling holes 184—'have 
been introduced into the waveguide cavity short circuit 
end plates 185 and 186. The antiphase arrangement in 
this example is illustrated by feeding a microwave 
source 41 into the difference port A ofa hybrid junction 
and waveguides 188 and by extracting output signals 
from the cavity via the waveguides 189 and another 
hybrid. The sum ports 2 are terminated by termination 
elements 187. 
As in the prior examples discussed, the resonant cav 

ity behavior is that shown in FIG. 6. Output energy is 
coupled through the difference port A and the lead 52 to 
the detection. analysis and feedback processor 28 for 
measuring and controlling the thickness of the coating 
on the optical ?ber 20. 
To minimize undesirable effects caused by ambient 

changes. we have used several techniques such as: prac 
ticing the ?ber drawing process and the coating process 
in a stable controlled environment; using a highly stable 
oscillator in a temperature controlled environment for 
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the propagating electromagnetic ?eld measurement set 
up on FIG. 9; using a Pound stabilizer. such as de 
scribed by T. H. Wilmshurst, “Electron Spin Reso 
nance Spectrometers“, Plenum Press, New York. pages 
199-204; using a stable power supply; using a mechani 
cal con?guration which minimizes distortion of the 
waveguide; using coaxial cable sections that produce no 
more than a small phase shift on ?exing; using low 
thermal expansion waveguide sections; using minimum 
length microwave paths; and using a two arm system 
fed by a common source including two identical wave 
guide sensor systems—one as a reference, the other for 
measuring the effect of the coated ?ber on the output 
power. Whether these techniques are used or not de 
pends upon the sensitivity required and the severity of 
ambient changes in the test environment. 

All ofthe previously described two port devices have 
single port analogs that can utilize reflectometers or 
circulators to accomplish the same functions. 
Dynamic control of the thickness of the coating de 

posited on the optical ?ber is achieved by sensing and 
adjusting one or more of the following four parameters: 
(1) the temperature of the ?ber entering the precursor 
gas chamber; (2) in the precursor gas chamber, the 
concentration of the acetylene gas including the carbon 
atoms to be deposited; (3) the acetylene gas pressure in 
the precursor gas chamber; and (4) the time of exposure 
of the hot ?ber to the acetylene gas in the chamber. 
Upon close analysis, other arrangements which might: 
(1) move the position ofthe precursor gas chamber; (2) 
change the length of the precursor gas chamber; (3) 
change the mixture of the gases; (4) vary the speed of 
the ?ber draw; or (5) alter the temperature of the fur 
nace-fundamentally alter one or more of the four de 
scribed parameters of the manufacturing process. 
Thus there has been described a method for measur 

ing and dynamically controlling the thickness of a thin 
carbon coating deposited on a moving optical ?ber. 
None of the arrangements for performing these meth 
ods of measuring and controlling physically contacts 
the ?ber or the coating during the manufacturing opera 
tion. All of the described methods together with other 
methods made obvious in view thereof are considered 
to be covered by the appended claims. 
We claim: 
1. A method for determining the thickness of a con 

ductive coating on an elongated body of a dielectric 
material, which includes the steps of 
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(a) establishing an electromagnetic ?eld in a section 

of a hollow metallic waveguide. 
(i) said waveguide section being terminated by 
matched terminations on opposite ends thereof. 

(ii) said electromagnetic ?eld being established by 
said matched terminations. and having a fre 
quency of oscillation in the radio frequency 
range of from 10 MHZ to 150 Gl-lz. 

(iii) said waveguide section having an opening in 
each of the opposite broad walls thereof permit 
ting passage of an elongated body transverse of 
the waveguide section in substantial alignment 
with the electric ?eld component of the electro 
magnetic ?eld and without any physical contact 
with the walls of the waveguide section, 

(b) moving a conductively coated elongated dielec 
tric body through said openings so that it passes 
through the electromagnetic ?eld. and 

(c) in response to a change in the electromagnetic 
?eld, generating a signal representative of the 
thickness of the conductive coating. 

2. The method of claim 1, wherein 
the elongated body with the conductive coating mov 

ing through the waveguide perturbs the electro 
magnetic ?eld by conducting current and dissipat— 
ing power. 

3‘ The method of claim 1, comprising the following 
steps: 

applying an input signal to establish the electromag 
netic ?eld in an empty waveguide; 

extracting a ?rst energy sample from the electromag 
netic ?eld in the empty waveguide: 

moving the conductively coated elongated body 
through the waveguide with the coating in substan 
tial alignment with an electric ?eld of the electro 
magnetic ?eld; 

extracting a second energy sample from the wave 
guide including the coated elongated body moving 
through the waveguide with the coating in substan 
tial alignment with the electric ?eld; and 

comparing the second energy sample with the ?rst 
energy sample to determine the thickness of the 
coating. 

4. The method of claim 1. in which said frequency of 
oscillation is about 10.5 GHZ. 

5. The method of claim 1. in which said elongated 
body is an optical ?ber and said conductive coating is 
carbon. 
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